[1] We present a comparison of aerosol properties derived from in situ and remote sensing instruments during DAMOCLES campaign, aimed at investigating the equivalence between the instrumentation and methodologies employed by several Spanish groups to study atmospheric aerosols at a regional background site. The complete set of instruments available during this closure experiment allowed collecting a valuable high-resolution aerosol measurement data set. The data set was augmented with airborne in situ measurements carried out in order to characterize aerosol particles during the midday of 29 June 2006. This work is focused on aerosol measurements using different techniques of high-quality instruments (ground-based remote sensing and aircraft in situ) and their comparisons to characterize the aerosol vertical profiles. Our results indicate that the variability between the detected aerosol layers was negligible in terms of aerosol optical properties and size distributions. Relative differences in aerosol extinction coefficient profiles were less than 20% at 355 and 532 nm and less than 30% at 1064 nm, in the region with high aerosol concentration. Absolute differences in aerosol optical depth (AOD) were below 0.01 at 532 and 1064 nm and less than 0.02 at 355 nm, less than the uncertainties assumed in the AOD obtained from elastic lidar. Columnar values of the lidar ratio revealed some discrepancies with respect to the in situ aircraft measurements, caused fundamentally by the lack of information in the lowest part of the boundary layer.
Introduction
[2] Aerosol particles affect the radiative energy budget of the Earth-atmosphere system by scattering solar radiation and absorbing solar and terrestrial infrared radiation. At present instrumentation such as lidars and Sun photometers have become powerful tools to detect aerosols during relevant episodes as Saharan and Asian mineral dust outbreaks and volcanic eruptions and are and will continue to be in the future a key for the long-term monitoring of aerosols over the world. Therefore monitoring networks of passive and active remote sensors such as AERONET [Holben et al., 1998 ], EAR-LINET [Bösenberg et al., 2001] , and MPLNET [Welton et al., 2001] increase continuously their relevance.
[3] Different aspects control the effect of the atmospheric aerosol over Earth's radiation budget. In this sense, the atmospheric aerosol radiative forcing strongly depends on the surface albedo. Thus depending on the type of aerosol and the underlying surface (land or ocean), the magnitude and sign of the radiative forcing can be modified drastically. Knowledge of the aerosol vertical distribution can be relevant for several reasons. The vertical distribution of aerosols modifies the vertical profile of heating rate, changing the atmospheric stability, and thus influencing convective processes and clouds [e.g., Ackerman et al., 2000; Quijano et al., 2000; Won et al., 2004 . Furthermore, it is important to know the vertical distribution to understand and/or model the radiative effect. Particularly, the vertical distribution of aerosols which have strong absorption of shortwave radiation influence the radiative effect at the top of atmosphere [e.g., Haywood and Ramaswamy, 1998; Meloni et al., 2005; Gadhavi and Jayaraman, 2006] . Additional aspects of the atmospheric aerosols to be considered include the quantification of the aerosol direct effect in the thermal infrared and in cloudy conditions. In this sense, the current estimates of the warming effects in this spectral range remain highly uncertain, because of lack of observations of vertically resolved aerosol information [Sokolik et al., 2001] .
[4] Knowledge of vertical distribution can be achieved via several approaches. Remote sensing techniques such as lidar, both ground-based and satellite-based such as CALIPSO, are devoted to long-term monitoring of aerosol optical properties. Aircraft in situ measurements, on the other hand, although limited in time can be used to study aerosol properties during intensive field campaigns in order to assess the applicability of the lidar techniques. Closure experiments offer the opportunity to explore aerosol properties based on an overdetermined data set of measurements using different techniques.
[5] The Determinación de Aerosoles por Medidas Obtenidas en Columna (Lidar y Extinción) y Superficie (DAMOCLES) thematic network was conceived as an interdisciplinary study of atmospheric aerosol particles, including emissions, dynamics, physical and chemical properties, radiative effects, and their interaction with clouds [Pey et al., 2008; Estellés et al., 2009; J. A. Martinez-Lozano et al., Intercomparison of instrumentation of atmospheric aerosol measurements, paper presented at European Aerosol Conference, Eur. Aerosol Assem., Salzburg, Austria, 2007] . The DAMOCLES field campaign was designed to compare the instrumentation and methodology employed by several Spanish groups at a regional background site in the Southwestern coast of Spain [Pey et al., 2008] . The campaign was conducted from 28 June to 5 July 2006 at the Atmospheric Sounding Station ESAt-El Arenosillo (37. 11°N, 6 .73°W, 0 a.s.l.) operated by the National Institute of Aerospace Technology (INTA).
[6] The array of instruments used in this closure experiment provided a high-resolution aerosol measurements data set. Moreover, aerosol particles were studied by airborne in situ measurements around midday on 29 June. This data set obtained during DAMOCLES field campaign enables to analyze the agreement of in situ and remote sensing techniques to characterize the vertical distribution of aerosol properties in conditions of optimized proximity between the ground lidar and the aircraft track.
[7] The subject of this paper is the comparison of the major properties of aerosol particles as optical and microphysical properties derived both from aircraft and ground-based remote sensing. This work complements the previous studies on analysis made with ground-based active and passive remote sensing and in situ techniques during DAMOCLES field campaign. The paper is organized as follows. Sections 2 and 3 describe the instrumentation and methods. Section 4 focuses on the meteorological conditions which prevailed during the case study, on the vertical structure of the atmosphere, and on the comparison of lidar, aircraft, and photometric data. Finally, Section 5 presents the main conclusions of this work.
Instrumentation
[8] The whole set of instruments is listed in Table 1 but only the instrumentation used in this work is described in detail. From the point of view of column integrated data, aerosol particles were characterized using seven Cimel CE-318 Sun photometers. To characterize aerosol particles, in situ high volume collectors (DIGITEL and MCV) were used for PM10, PM2.5, and PM1, with two cascade impactors for particulate matter measurements in 7-8 granulometric fractions. In addition, three integrating nephelometers (model TSI-3563), two aerodynamic particle sizers (APS, model 3321), a multiangle absorption photometer (MAAP, model 5012), a scanning mobility particle sizer (SMPS, model 3936), and a Grimm spectrometer (model 190) were used. From the point of view of vertical profiling of atmosphere, several tools were available. Meteorological radio soundings were performed twice per day to characterize the atmospheric conditions prevailing at El Arenosillo. An aircraft managed by the National Institute of Aerospace Technology (INTA) held airborne sensors to measure meteorological parameters and Passive Cavity Aerosol Spectrometer (PCASP) to analyze aerosol particle size distributions. The vertical distribution of aerosol optical properties were obtained by means of lidar technique using four systems, all of them included in the Spanish and Portuguese Aerosol Lidar Network (SPALINET). The intercomparison of the lidar systems operated during DAMOCLES field campaign has been analyzed in a previous work . In this work, data measured by the Raman lidar LR321D400 has been employed because of its multiwavelength capabilities.
[9] Airborne measurements were carried out by the INTA CASA C-212-200 atmospheric aircraft. This aircraft was designed as a light military transport aircraft and was modified for atmospheric research. Measurements of temperature, dew point, pressure, GPS position, and aerosol size distribution were performed during DAMOCLES campaign. A Passive Cavity Aerosol Spectrometer Probe model 100X (PCASP-100X) and Forward Scattering Spectrometer Probe model 100-ER (FSSP-100-ER) were used for aerosol size distribution. Both probes have been designed by Particle Measuring Systems Inc. (PMS). The instruments were fixed at two hard points located under the aircraft wings.
[10] The PCASP instrument was mounted onto the INTA-C212 aircraft which flew on 29 June 2006, overflying the Atmospheric Sounding Station ESAt-El Arenosillo. The airborne platform developed two vertical profiles following a pseudospiral centered at ESAt and having a radius of about 7.5 km. Maximum height reached was 4.1 km (a.s.l.) at 1027 UTC. A gentle ascent and descent rate was used of about 3.75 m/s in order to increase vertical resolution. Straight and level runs were performed at various altitudes within the different aerosol layers, mainly over land but sometimes the aircraft was over ocean. Figure 1 shows the descending track (which lasted 17 min) of the INTA-C212 aircraft during this flight. The aircraft overpass around the lidar systems was performed at several altitudes between 0.25 and 4.1 km within the aerosol layers.
[11] The C212 aircraft requires a pitch angle (angle between velocity vector and aircraft axis) near 4° or 5° to ascend. Under this condition, the instrumentation devoted to measure aerosol size distribution (PCASP-100X) does not operate well [Haywood et al., 2003] so ascent data have been rejected. Descent profile data have been used to retrieve optical properties because pitch angle can be kept near zero and it is possible to obtain an optimum measurement.
[12] PCASP sizes the aerosol by illuminating the particle and collecting the light scattered into a fixed solid angle. This system is based on a He:Ne laser source at 632.8 nm, and light scattered by the particles is collected and classified into one of 15 size channels in the range from 0.1 to 3.0 mm diameter [Fiebig et al., 2002] . The relation of scattering cross section and particle diameter at the channel limits depends on the particle refractive index and the particle shape. If the refractive index of the sampled particles is different from the calibration particle refractive index, the channel limits are corrected by applying the Mie theory. PCASP partially dries the sample before it is sized due to deceleration in the inlet cone, and due to focusing of the sample into the laser beam with dried sheath air. As a result of this drying process, relative humidity of the sample is lower than 40% [Strapp et al., 1992] . A good agreement between aerosol size distributions from FSSP-300 and PCASP-100X [Strapp et al., 1992] has been found at relative humidity near 40%. The measurement uncertainties associated with the PCASP have been discussed by a number of authors [e.g., Kim and Boatman, 1990; Strapp et al., 1992] as have those of the FSSP-100 and FSSP-300 [Baumgardner et al., 1985 [Baumgardner et al., , 1992 Baumgardner and Spowart, 1990] . Accuracy on size characterization and aerosol concentration are 16% and 20% respectively [Baumgardner et al., 2005] . PCASP heater was switch off during the flight.
[13] The Raman lidar LR321D400 (Raymetrics S.A., Greece) is a compact and robust mobile system that was operated at ground level during DAMOCLES field campaign. It operates with a Nd:YAG laser at the fundamental wavelength of 1064 nm and second and third harmonics at 532 and 355 nm, respectively. Pulses at these wavelengths are emitted simultaneously with a 10 Hz repetition rate and energy levels between 60 and 110 mJ. The optical receiver is based on a Cassegrainian design with primary and secondary mirrors of 400 mm and 9 mm diameter. Photomultipliers tubes are used to detect the backscattered signal in analog and photon counting modes at 532 (considering depolarization) and 355 nm. An avalanche photodiode is used to detect analog signal at 1064 nm. For nighttime operation, the system is equipped with Raman channels detection at 387 and 408 nm (Raman shifted signal by nitrogen molecules and water vapor, respectively). Optimum spatial resolution at all wavelengths is 7.5 m.
[14] The Sun photometer Cimel CE-318 is the standard Sun/sky photometer used in the AERONET network [Holben et al., 1998 ]. The Cimel CE-318 is a Sun photometer which makes direct sun measurements with a 1.2° full field of view every 15 min at 340, 380, 440, 675, 870, 940 , and 1020 nm. The instrument includes protocols for the measurements of sky radiance values at 440, 675, 840, and 1020 nm using the so-called almucantar and principal plane geometries. A full description can be seen in the work of Holben et al. [1998] . Two kinds of calibrations are required for the instrument, one for the direct irradiance and one for the sky radiance. The direct irradiance is calibrated using the Langley method at a high mountain site in the close range of Sierra Nevada (2200 m a.s.l) at least twice a year [Alcántar-Ruiz et al., 2004] . The subsystem that measures the radiances is cali-i i brated at the laboratory using an integrating sphere [AladosArboledas et al., 2004 [AladosArboledas et al., , 2008 .
[15] The integrating nephelometer (TSI, model 3563) draws the ambient air through a temperature-monitored inlet at a flow rate of 30 l min be adjusted to either 7-170° or 90-170° to give total scatter and backscatter signals. Pressure and temperature are measured in the scattering chamber and used to calculate scattering by air molecules, which is then subtracted from total scattering to determine scattering by aerosol particles. Calibration of the nephelometer was carried out every three months using CO2 as a high span gas and filtered air as a low span gas.
[16] The multiangle absorption photometer (MAAP) (Thermo ESM Andersen Instruments, Erlangen, Germany) performs absorption measurements. In this instrument, particles are deposited on a quartz fiber filter. A continuous 670 nm laser illuminates the filter matrix perpendicularly and simultaneous measurements are made of radiation penetrating through the filter and the radiation scattered back at two detection angles. In the MAAP the determination of the aerosol absorption coefficient of the deposited aerosol uses radiative transfer calculations and explicitly includes a treatment of scattering effects from the filter matrix and the light scattering aerosol component. The particle-loaded filter is treated as a two-layer system: the aerosol-loaded layer of the filter and the particle-free filter matrix. Radiative processes inside the layer of deposited aerosol and between this layer and the particle-free filter matrix are taken into account i¼1 where a is the aerosol extinction coefficient, b is the aerosol backscatter coefficient, ri is the geometrical radius or Stokes radius of the particle for the i channel, Qe and Qs are the extinction and backscatter efficiencies, respectively, computed by means of Mie theory, m is the complex refractive index of aerosol particles, xi is the size parameter defined as xi = 2pri /l, and Ni is the number of particles measured at the i channel. Similar procedures have been applied recently to dust particles researched during SAMUM [i.e., Weinzierl et al., 2009] . Particles with sizes lower than the particle radius corresponding to the first channels can be neglected because their backscatter and extinction efficiencies are almost zero. For computational purpose and after validation of our analysis it has been assumed a posteriori that no particles larger than those collected by the last PCASP channel (d15 = 2.47 mm) were present. PCASP system provides the optical equivalent radius that is converted into aerodynamic radius after calibration using monodisperse polystyrene latex spheres (m = 1.58 ± 0i). Then, the aerodynamic radius is related to geometrical one by the following equation [Binnig et al., 2007] :
separately.
[17] An aerodynamic aerosol sizer (APS-3321, TSI) is used rSt ¼ rae ð3Þ
to measure the particle size distributions. This instrument is an optical particle counter that measures particle diameter and aerosol number density, in real time, in 52 nominal size bins in the aerodynamic diameter range 0.50-20 mm by determining the time of flight of individual particles in an accelerating flow field. The APS can measure number densities up to 1000 particles/cm 3 at 0.5 and 10 mm diameters with coincidence errors inferior to 5% and 10%, respectively. The minimum and maximum number densities that this instrument can measure are 0.001 and 10,000 particles/cm 3 , respectively. For solid particles, counting efficiencies range from 85% to 99% [Volckens and Peters, 2005] . The APS was operated at flow rate of 5 l min −1 and an averaging time of 5 min.
Methodology

PCASP-100X Probe and Flight Description
[18] Aerosol optical properties can be determined by means of "in situ" aircraft instrumentation. Aerosol optical properties profiles are calculated by applying the Mie theory [Bohren and Huffman, 1983 ] to the sampled size distribution. The application of Mie theory may be an additional source of error when the non-sphericity of particles is relevant. However, as we discuss in section 4, the particles found in this work show small sizes and the assumption of spheres is where rSt and rae are the geometrical radius (or Stokes radius) and the aerodynamic radius, respectively, r is the particle density, and c is the shape factor of particles, that takes into account nonspherical features of the aerosol particles.
[19] From these data, the aerosol optical depth (AOD), which takes into account the attenuation of radiation when is propagated through the atmospheric aerosol, is obtained by integrating the extinction profile. The FSSP performance was out of reliable limits so its data have not been used in this work.
Raman Lidar LR321D400
[20] The Raman lidar permits profiling of the aerosol optical properties. Only profile segments not corrupted by overlap or misalignment effects are considered. The backscatter and extinction coefficient profiles at 355, 532, and 1064 nm are computed using the Klett algorithm [Klett, 1985] , including a synergetic approach with Sun photometer data to select an appropriate lidar ratio (extinction-tobackscatter ratio) value [Guerrero-Rascado et al., 2008] . The lidar ratio is a parameter that depends on many aerosol properties such as chemical composition, size distribution of the particles, and particle shape. The approach consists in computing lidar profiles of extinction coefficient, using different values of lidar ratio as input with 1-sr steps, and the p associated AOD. Thus the AODs obtained by these two methods are compared, and a lidar ratio value is selected when the differences are minimized [Guerrero-Rascado et al., 2008] . According to Pedrós et al. [2009] , a worst case estimate of the uncertainty associated with the lidar ratio is 10%. After deriving the backscatter coefficient profiles using the appropriate lidar ratio, we compute other properties such as the backscatter-related Ångström exponent profiles. We estimate error bars that consider the effect of the signalinduced noise in the final retrieval using Monte Carlo techniques as established in EARLINET network [Pappalardo et al., 2004; Guerrero-Rascado et al., 2008] . Section 4 deals with the comparison of the profiles of aerosol optical properties retrieved with the lidar system and those determined by means of the airborne PCASP-100X probe.
Cimel CE 318-4 Sun Photometer
[21] The AOD is considered to be the simplest and single most representative parameter for determining the aerosol loading present in the atmosphere [Holben et al., 2001] . The AOD derived from Sun photometer data is in principal highly accurate (uncertainty less than 0.01 for wavelengths larger than 440 nm and 0.02 for shorter wavelengths) and robust since it does not require any assumption related to the aerosol properties [Holben et al., 1998 ]. Therefore we will compare the AODs derived by lidar and aircraft measurements with those retrieved from the Sun photometer in section 4. The AOD is derived from the total optical depth obtained by direct Sun measurements [Alados-Arboledas et al., 2003] . A cloud screening filtering is applied to the data [Smirnov et al., 2000] . The Ångström wavelength exponent is a measure of the wavelength dependence of AOD and therefore is sensitive to particle size distribution [Shifrin, 1995] . The wavelength exponent can be computed from AOD data.
[22] The sky radiance measurements in the almucantar plane at 440, 670, 870, and 1020 nm in conjunction with solar direct irradiance measurements at these same wavelengths are used to retrieve columnar properties as the volume size distribution, the single scattering albedo (SSA), and the asymmetry parameter at these four wavelengths based on the method of Nakajima et al. [1996] using the nonspherical approach proposed by Olmo et al. [2006] . In this method, the refractive index is invariant with wavelength. These columnar microphysical properties are derived by iteration, minimizing the residuals between measured and calculated radiances Olmo et al., 2006] . The real part of the complex aerosol refractive index used in the iterative process is varied in the range 1.33-1.55 by 0.02 steps, while the imaginary part is set to zero. Then the optimal real part of refractive index obtained by the iterative process is fixed and imaginary part is varied in the range 0-0.01 by 0.0005 steps. The solution of the iterative process gives the columnar size distribution, SSA, asymmetry parameter and optimal refractive index for which the residuals between measured and calculated radiances are minimal.
Integrating Nephelometer and Multiangle Absorption Photometer
[23] Aerosol scattering and backscattering coefficients were measured with an integrating nephelometer (TSI, model 3563) at three wavelengths 450, 550, and 700 nm. The averaging time was set to 5 min. The zero signal was measured hourly. Owing to nephelometer design limitations, measurements do not cover the full (0°-180°) angular range, and scattering data need correction [e.g., Anderson and Ogren, 1998; Quirantes et al., 2008] . In this study, nonidealities due to truncation errors were corrected using the method described by Anderson and Ogren [1998 ] that account for the particle size dependence of the truncation error through the measured wavelength dependence of light scattering. The scattering coefficient shows a minimum dependence on relative humidity (RH) below 50% RH while a sharp increase is evident with RH above 80% [Anderson and Ogren, 1998; Xu et al., 2002] . Therefore even if the particles are not chemically dry at RH < 50%, they can be considered dry from a scattering point of view [Targino et al., 2005] . During the study period the RH measured within the nephelometer chamber was below 50%. As a result, the light scattering measurements presented in this study can be considered as dry.
[24] The aerosol light absorption coefficient at 670 nm was recorded with a MAAP. The two reflectivity measurements performed by the system allow for the correction of multiple scattering processes involving the deposited particles and the filter matrix. A detailed description of the method is given by Petzold and Schönlinner [2004] . The MAAP draws the ambient air at constant flow rate of 1000 l h −1 and operates at a wavelength of 670 nm. The combination of nephelometer and MAAP information provides the SSA at 670 nm.
Results and Discussion
Description of the Synoptical Conditions
[25] Atmospheric processes on regional and local scale play an important role in the variability of aerosol optical properties, especially when the local anthropogenic emissions are considerably reduced. For the El Arenosillo station, natural contributions, such as sea spray and mineral dust, and anthropogenic medium-and long-range transport can be monitored. The atmospheric dynamics and sources of atmospheric aerosol prevailing at the El Arenosillo site, as well as the conditions during the field campaign in 2006 have been described in detail by Pey et al. [2008] . Hence only some information on 29 June will be given here.
[26] During the flight day, meteorological conditions were similar to the rest of the days of the campaign (summer sunny day with minimum temperature around 15°C at night and maximum of 28°C at noon). The synoptic scenario, with small pressure gradients over the region, favored that local circulations were controlled by the wind regime of sea-toland breeze at daytime and land-to-sea breeze at nighttime. These observations are typical at El Arenosillo region [Adame, 2005] . It is expected that marine aerosol particles were advected over the study site, at least within the boundary layer during the morning when the INTA-C212 aircraft was airborne. To investigate the aerosol type over El Arenosillo station, the following tools have been used. A 3-day HYS-PLIT (http://www.arl.noaa.gov/ready/hysplit4.html) backward trajectory analysis showed that during the campaign air masses were advected from the North Atlantic, overpassed the western Iberian Peninsula and finally reached El Arenosillo station from the ocean. The backward trajectory analysis using a 1° × 1° cell centered on El Arenosillo station (i.e., the backward trajectories ending over the four corners of a cell centered at the study site) corroborated these backward trajectories (Figure 2 ). This kind of trajectories corresponds to airflows that are able to advect simultaneously different types of aerosols. Thus in addition to sea spray (as a consequence of sea-to-land breeze), pollutants originated in western cities such as Lisbon, Huelva, and Cadiz, or biomass burning aerosols typical during summer in the south of Iberian Peninsula can be present in the period analyzed. To assess these last contributions, we used the NAAPS model (http:// www.nrlmry.navy.mil/aerosol/#currentaerosolmodeling) and MODIS fires data (http://maps.geog.umd.edu/alerts), respectively. NAAPS simulations predicted a low concentration of sulfates (1-2 mg/m 3 ) at 1200 UTC on 29 June due to the most western flank of a pollution episode that affected almost whole Europe. Moreover, concentrations of smoke particles of 2-4 mg/m 3 were forecasted in the southwestern Iberian Peninsula as an effect of some fires located in this area that took place during the previous day.
[27] In order to confirm the aforementioned description, Sun-photometric and ground-based in situ data have been investigated. Figure 3 shows the evolution of AOD at different wavelengths together with Ångström exponent in several ranges. Several features are observed in this plot. First, data show steadiness along the day, especially in the [2007] morning, with a maximum of AOD for all wavelengths around 1300 UTC. Ångström exponent also exhibits this stability except early in the morning and at the end of the day. Second, the values monitored indicate low aerosol load (AODs lower than 0.15 for l ≥ 675 nm in the morning) and moderate values of Ångström exponent (1.1-1.4). During the INTA-C212 aircraft flight, AOD was 0.20 and 0.11 at 440 and 675 nm, respectively, and Angströn exponent was 1.3 and 1.1 in the range 380-500 and 500-870 nm, respectively. Furthermore, the complex refractive index derived from Cimel at 0932 UTC is 1.49+0.008i and the SSA is 0.90 at 670 nm. Previous studies at this site [i.e., Toledano et al., 2007] provided information about aerosol type on the basis of Cimel-derived computations and selection criteria were established. For this 5-year climatology, marine particles presented AODs at 440 nm below 0.2 with Ångström exponent between 0 and 2. In addition, the authors found that the absorbing aerosols as continental and biomass burning particles showed Ångström exponents larger than 1.05 and 1.4, respectively, with AOD larger than 0.2.
[28] The SSA at surface computed by the combination of nephelometer and MAAP was 0.91 at 670 nm with a standard deviation of 0.01 during the flight. This value supports our hypothesis of polluted marine aerosols. According to Hess et al. [1998] and Smirnov et al. [2003] clean maritime particles are responsible of AODs at 440 nm smaller than 0.2. Dubovik et al. [2002] showed that the oceanic aerosol is characterized at 440 nm by AOD ≤ 0.15 and SSA = 0.98 ± 0.03. The smaller SSA values found by Santese et al. [2008] polluted marine category.
[29] Therefore we can infer that a mixture of marine aerosol with a small signature of absorbing particles was present at El Arenosillo station during the period analyzed, as we initially hypothesized. As a consequence, our computations during the flight have been based on the values in Table 2 .
Vertical Atmospheric Structure During the Flight
[30] Figure 4 presents the temporal evolution of range corrected signal (in arbitrary units) at 532 nm over El Arenosillo station obtained by the lidar system LR321D400 during the morning of 29 June. The development of the boundary layer along the morning can be seen together with some steady layers located in upper levels. The morning is characterized by a marked stability in the whole atmospheric column. Thus the development of the boundary layer only implies changes in the vertical distribution of aerosol particles, whereas the optical properties such as the AOD remain practically unchanged, as Figure 3 shows. The box in Figure 4 focuses on the period 1030-1100 UTC, when the INTA-C212 plane flew over the station. In this period the variability of aerosol layering is negligible (the mean value of the variability is 2.7% for the thorough range sounded and less than 3.1% for altitudes below 1 km) and hence, the mean vertical lidar profiles are representative from 1030 to 1100 UTC. In addition, Figure 4 reveals that the largest aerosol load is confined below 1 km, where a marine signature is expected due to the typical wind regime of sea-to-land breeze during daytime. Above it a second layer extends up to 1.7 km approximately, where a sharp decrease of backscattered lidar signal indicates the beginning of the free troposphere.
[31] Figure 5 shows the vertical profiles of temperature, water vapor mixing ratio, logarithmic derivate of range cor- rected signal, wind speed, and wind direction profiles on 29 June. Several layers are present over El Arenosillo, as it can be seen in the temperature profile (Figure 5a ). Two temperature inversions are detected at around 300 m and 1600 m. At that last altitude the aerosols observed in Figure 4 are capped by the upper temperature inversion. A peak in water vapor mixing ratio (Figure 5b ) occurs at the top of this layer, associated to the bottom of this inversion. Water vapor mixing ratio remains below 2.5 g/kg in the free troposphere region and between 5.0 and 8.5 g/kg in the surface layers containing aerosols. The analysis of the logarithmic derivate of the range corrected signal is in agreement with the thermal structure: it reveals a boundary layer at 930 m and a top layer up to 1620 m. The uncertainty of the logarithmic gradient method determined by Monte Carlo techniques is ±15 m and arises from the numerical procedure to compute the derivate (linear fit) and the sliding window for fitting and smoothing (three points). As will be shown below, there are no significant differences in aerosol optical and microphysical intensive properties between layers below and above 930 m (excluding the free troposphere region). Thus we denoted the layer from surface up to 930 m as layer 1, and the layer from this altitude up to 1620 m corresponds to the layer 2.
[32] The top of the layer 1 is found at 930 m according to the lidar profile. It is in agreement with thermodynamic techniques, such as the Richardson number method, which is based on the combination of profiles of wind speed and potential temperature to determine the top of the boundary layer [Sicard et al., 2006] . For this case, the Richardson number method gives a top height at 1035 m. The different nature of both methods explains the discrepancy observed. Moreover, the temperature profile (Figure 5a ) reveals an isothermal layer at 910-1090 m (with a temperature around 16°C), a range that includes the altitudes of the top of layer 1 obtained by both methods.
Volume Size Distributions
[33] Size distributions have been routinely retrieved by inversion of clear sky almucantar scans of radiance as a function of scattering angle by the Cimel Sun photometer. The Cimel Sun photometer distributions are derived from the measured solar direct irradiances and sky radiances, and they represent a columnar-averaged size distribution. In contrast, the aircraft measurements are able to produce a profile of size distributions. Therefore in order to compare both set of measurements, the aircraft data have been transformed to a column mean distribution averaged over the whole range sounded by the aircraft. In addition, for comparison, size distributions have been normalized by dividing by the max- imum in the distribution, corresponding to the fine mode peak for both data sets.
[34] Figure 6a shows the normalized size distributions derived by Cimel Sun photometer (whole column integrated) and by aircraft data (averaged over the range (0.25-4.1 km)). The comparison is reasonable within uncertainty, although with some differences both in fine and coarse mode. A slight displacement of aerosol volume to the fine mode can be observed in the aircraft data and the plot suggests the agreement is better in the fine mode with obvious discrepancies in the coarse mode (>1 mm). The mean absolutes differences for the normalized size distributions are 0.19 and 0.43 (in arbitrary units) for radii below and above 0.5 mm, respectively. For comparison, Figure 6a also includes the normalized size distribution derived by APS at ground level (because of the absence of the fine mode in the APS data the normalization was performed respect to the coarse mode of the Cimel Sun photometer). The comparison is quite reasonable within uncertainty especially for radii up to 2 mm. It must be taken into account that here we compare volume size distributions retrieved from optical measurements (Sun photometer and PCASP sonde) and those obtained by classifications in different aerodynamic radii bins (APS).
[35] This comparison is limited by several experimental conditions. First, the measurement time of the aircraft (around 1027 UTC), the Sun photometer (0932 UTC), and the APS (1030-1100 UTC) differs. Second, these size distributions are biased due to the range covered for each instrument. The range investigated with aircraft data is 0.1 to 3.0 mm in diameter, whereas the range for Sun-photometric data is 0.05 to 10 mm. This imply a biased toward low radius in the aircraft retrievals with respect to the Sun-photometric ones. As shown by Collins et al. [2000] , the size bin threshold settings are particularly sensitive to the imaginary part of the refractive index, and hence neglecting absorption causes particles (particularly supermicron) to be undersized. Moreover, humidity modifies the size of particles and so any drying of the sample within the PCASP will make the particles smaller than in the ambient atmospheric state. Finally, an additional error source must be taken into account in this comparison regarding to the representativeness of the size distributions in the range sounded by the aircraft. The Cimel Sun photometer retrieval provides information of the whole atmospheric column, whereas the aircraft data are limited to the range (0.25-4.1 km).
[36] We have performed inversions for each detected layer to study the influence of the multiple aerosol layers in the retrieval of our columnar size distributions. Figure 6b presents the normalized volume size distributions retrieved for layer 1 (0.25-0.93 km), layer 2 (0.93-1.62 km), free troposphere (1.62-4.1 km), and the total range sounded (0.25-4.1 km), where the layer heights have been determined from the lidar profile. As it can be seen from the plot, the volume size distributions are coincident in the layers 1 and 2, indicating that particles included in both layers exhibit the same features. Moreover, the retrieval for the total range is coincident with the inversions in both layers (with mean differences around 10%) and, therefore the effect of the free troposphere is minimal for the total averaging.
Extinction Profiles and Aerosol Optical Depth
[37] Profiles of backscatter coefficients at 355, 532, and 1064 nm derived from aircraft data and lidar analyses have been compared (not shown here). The aircraft in situ measurements and lidar agree on magnitude and vertical gradient of aerosol extinction coefficient and also on the height of different layers (differences less than 10% and 2% for the top of layers 1 and 2, respectively) ( Figure 7 ). The differences that are found may have been partly caused by the inhomogeneity in the aerosol distribution in the atmosphere. Similar differences have been detected in other comparisons of in situ measurements on board aircraft and lidar and were attributed to differences in the timing and location of profiles in inhomogeneous aerosol field [Schmid et al., 2006; Osborne et al., 2007] . In any case, a typical feature is that profiles derived by airborne measurements showed a signal-to-noise ratio lower than that derived by lidar (Figure 7) .
[38] Similar aerosol layering is found in both airborne and lidar extinction measurements. In general, the presence of aerosol particles was detected up to 1.7 km (a.s.l.). The largest values of extinction coefficient were found between the ground up to approximately 1 km (a.s.l.) and are mainly due to marine particles in the layer 1. Above this layer and up to 1.7 km, relative high values are also observed. Extinction coefficients derived by both instruments decrease drastically above 1.7 km, indicating the absence of aerosol particles in the free troposphere.
[39] We have also analyzed the relative differences in aerosol extinction coefficient profiles obtained by lidar and PCASP during the flight. The relative differences are less than 20% at 355 and 532nm (Figure 7) , and less than 30% at 1064 nm (not shown here), in the region with high aerosol concentration. These values are exceeded in the region where the temperature inversion (around 1.6 km) was detected by the aircraft temperature sensors ( Figure 5 ).
[40] Aircraft in situ and lidar measurements have uncertainties associated with aerosol physical and optical properties and also with different inversion methodologies. Therefore it is important to assess the measurements against a direct and more reliable measurement of aerosol in the atmospheric column. For this work, we can consider that the measurement of AOD derived by Sun photometer is the most accurate and robust because it does not require any assumption related to aerosol properties. Therefore we will compare the AODs derived by lidar and aircraft measurements with those retrieved from the Sun photometer. The measurement derived by Sun photometer provided values of 0.26, 0.16, and 0.05 at 355, 532, and 1064 nm, respectively, coincident with the time of flight. To perform this comparison, it must be taken into account the range of altitudes sounded by each technique. For the aircraft computations the data acquisition started at 230 m above ground level, and the lidar technique provides aerosol optical properties profiles above the full overlap altitude. This altitude is defined as the altitude in which the laser beam is fully included in the field of view of the receiver telescope. The AODs computed in the height ranges covered by lidar and aircraft measurements (above 370, 470, and 630 m at 355, 532 , and 1064 nm, respectively, for a full overlap), show a good agreement. Absolutes differences are less than 0.01 at 532 and 1064 nm and less than 0.02 at 355 nm. The magnitude of these differences is lower than the uncertainties assumed in the AOD obtained from elastic lidar [Guerrero-Rascado et al., 2008] .
[41] Other comparisons of AODs determined by means of aircraft and Sun-photometric data can be found in the literature. The AODs derived by the combination of an integrating nephelometer and PSAP shown good agreement with AERONET Sun photometer for biomass burning [Haywood et al., 2003] . However, AODs determined by PCASP produced low values of extinction coefficient because of a bias in total concentrations of coarse particles as a consequence of the poor measurement capability for particles in this size range [Haywood et al., 2003 , Osborne et al., 2007 Johnson et al., 2008] . For the case presented in this study, the aircraft AODs are lower than the Sun photometer values. As it was expected, a poorer agreement between aircraft and Sun photometer AOD is observed in the visible and ultraviolet range. The aircraft AOD at 355 nm (0.24) agrees with the Sun photometer value (0.26) within the uncertainty range (0.02) [Holben et al., 1998 ]. However, differences larger than the uncertainty (0.12 versus 0.16) are observed at 532 nm. These disagreements are caused fundamentally by the lack of information below 230 m in the aircraft computations.
[42] In addition, we perform the estimation of the fine and coarse contribution to the total AOD at 500 nm from the Sun photometer data and from the combination of aircraft data and APS ground level measurements. Using the Mie code and cutoff radius of 0.5 mm, we obtain a fine fraction (fine AOD to total AOD ratio) of 0.79 and 0.78 for the Sun-photometer and the combination of aircraft plus APS, respectively. The small differences may be minimized accurately measuring the coarse mode with the aircraft. Cimel Sun photometer Ångström exponent is also included. The term "effective" includes the layers 1 and 2 for the lidar and the aircraft computations and the whole atmospheric column for Cimel data.
Ångström Exponent
[43] Table 3 shows the comparison between sunphotometric Ångström exponents and those computed over aerosol extinction profiles derived by lidar and in situ aircraft data. The Ångström exponent derived either by the lidar or the aircraft data for all altitude ranges is above 1.50 in the spectral range 355-532 nm and above 1.48 in the spectral range 532-1064 nm. The differences with the Sunphotometric Ångström exponents have maximum values of 10% in the spectral range of 355-532 nm and around 15% in the spectral ranges 532-1064 nm, although most values are below 5%. There are similarities between Ångström exponents in the layer 1 and 2. This seems to be consistent with the behavior of volume size distributions in both layers, where negligible differences were found (see section 4.4). However, discrepancies become more significant with respect to the Sun-photometric Ångström exponents, which are 1.3 and 1.1 in the spectral range 380-500 and 500-870 nm, respectively. As mentioned previously, it must be taken into account that the Sun-photometric data provide information of the whole atmospheric column, including the lowest part of the boundary layer, which are neither sounded by the aircraft nor by the lidar, and also the free troposphere. Furthermore, an additional discrepancy source arises from the spectral range investigated by both profiler instruments (aircraft and lidar) and Sun photometer.
Lidar Ratio
[44] In this section we compare lidar ratio values retrieved from elastic lidar signals constrained by Sun-photometric data (section 3.2) with those calculated from in situ aircraft measurements (section 3.1) in several layers. While the aerosol extinction coefficient is sensitive mainly to the aerosol size distribution and the real part of the refractive index, the lidar ratio also depends on the imaginary part, mixing stage (i.e., the relative contribution of internal and/or external aerosol mixing), and shape of the particles because iterative approach based on Sun-photometric data. The lidar ratios derived by in situ aircraft measurements are shown in Table 4 . The values derived from aircraft data indicate that the variability between layer 1 (below 0.93 km) and layer 2 (from 0.93 to 1.62 km) is negligible for all wavelengths. This fact was also found for other aerosol properties such as the normalized volume size distribution (section 4.3) and Ångström exponent (section 4.5) and was also expected from the analysis of meteorological parameters (section 4.2). Only some minor differences are detected in the free troposphere as a result of marked differences related to the type of atmospheric component (aerosol particles signature versus molecular signal). In this region, the signal-to-noise ratio of the lidar ratio profiles decreases considerably, and thus the standard deviation for this layer increases dramatically.
[46] The lidar ratios used to retrieve optical properties from the lidar system were 33, 36, and 26 sr at 355, 532, and 1064 nm, respectively, as shown in Figure 7 and Table 4 . These columnar values reveal some discrepancies with respect to the in situ aircraft measurements. We must keep in mind that these are effective values for the whole atmospheric column, and thus they correspond to a weighted average of lidar ratios representative of different layers, among them the lowest one not sounded by the aircraft (below 250 m) and the free troposphere. We consider that these disagreements of around 20% are caused fundamentally by the different type of scatterers and absorbers in the region sounded by the aircraft respect to those in the lowest troposphere.
[47] The values derived by in situ aircraft measurements and obtained by combination of lidar and Sun-photometric data agree with typical lidar ratios for marine particles [Kuzmanoski et al., 2007] . Therefore this comparison is convenient for testing the validity of the aerosol model in estimating other aerosol optical properties [Kuzmanoski et al., 2007] .
[45] The lidar ratios used to retrieve the profiles of aerosol extinction coefficients from lidar data were selected by an reported by other authors. Some examples of lidar ratios obtained using several instruments in different locations under maritime conditions are shown in Table 5 . We can conclude that the lidar ratio values obtained in this study support the marine nature of the aerosol particles present during the measurements. Moreover, our analysis (section 4.1) evidences a small signature of absorbing particles as it was indicated by the in situ SSA (0.91 ± 0.01). This increase in the extinction contribution leads to an increase of the lidar ratio when compare with that typical of background marine conditions.
Conclusions
[48] The studies of aerosol particles require the use of different instrumentation and methodologies to properly characterize them. As a consequence, the agreement among parameters derived from diverse devices and procedures must be checked. The comparison of the major optical and microphysical properties of aerosol particles derived from both aircraft and ground based remote sensing were the subject of this paper.
[49] The closure experiment on aerosol measurements (lidar, airborne, and Sun photometer) over El Arenosillo station during DAMOCLES field campaign on 29 June has shown that within experimental uncertainty, there is consistency between the collected data. The aerosol loading was contained within two distinguishable layers: layer 1 between the surface and 930 m and layer 2 from 930 m to 1620 m. The volume size distributions indicated that particles inside both layers exhibit the same microphysical features, in terms of volume size distributions (with mean differences around 10%). A slight displacement of aerosol volume to the fine mode can be observed in the aircraft data respect to the columnar size distribution retrieved by Sun photometer caused by different timing, the bias related to the range covered for each instrument, and the representativeness of the aircraft data in the range sounded of the whole atmospheric column (including the lowest part of the troposphere).
[50] The aircraft measurements and lidar concur both on magnitude and vertical gradient of the aerosol extinction coefficient and also on the height of different layers. The relative differences were less than 20% at 355 and 532 nm and less than 30% at 1064 nm, in the region with high aerosol concentration. These differences may have been partly caused by differences in sampling of extensive properties in nonuniform spatial distribution of the aerosol. The AOD computed in the height ranges covered by lidar and aircraft measurements displayed a good agreement with absolute differences less than the uncertainties of the lidar inversion method. The computation of associated Ångström exponents using both techniques also agreed, with maximum differences of 10% in the range 355-532 nm and around 15% in the range 532-1064 nm, respectively, although values below 5% were found for almost the whole range sounded.
[51] The lidar ratios for all wavelengths derived by aircraft indicate that the variability between layers 1 and 2 was negligible. This vertical homogeneity was also found for other aerosol properties as normalized volume size distribution and the Ångström exponent and was expected from the analysis of meteorological parameters.
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